INTRODUCTION
Capelin Mallotus villosus is a small semelparous pelagic species of schooling fish with a circumpolar distribution in the northern hemisphere and is a keystone species in the boreal food web of the North Atlantic (Bailey et al. 1977a , Vilhjalmsson 1994 , Palsson 1997 . There are several geographically separated stocks of capelin, including the Icelandic capelin stock, the Barents Sea stock, and the capelin stocks off Newfoundland and Labrador (Templeman 1948 , Vilhjalmsson 1994 . For the Icelandic capelin stock, predicting recruitment to the spawning stock at age 3 is an important consideration in the fisheries management process (Vilhjalmsson 1994 , Gudmundsdottir & Vilhjalmsson 2002 , as the stock supports a commercial fishery with annual catches reaching 1 million t (Anonymous 2006 ).
The fishery is based mainly on the maturing year-class, allowing a renewal of the fishable stock every year (Gudmundsdottir & Vilhjalmsson 2002) . This stock has large annual fluctuations in recruitment even though it is managed to protect a spawning stock biomass of 400 000 t (Gudmundsdottir & Vilhjalmsson 2002) .
In Icelandic waters, the majority of capelin spawn in the spring (March to May) of their third year of life. Most of the Icelandic capelin stock spawns in waters south of 66°N, off the south and southwest coast of Iceland (Vilhjalmsson 1994; see Fig. 1) . The larvae hatch after 20 to 25 d, ranging in size from 5.0 to 7.2 mm (Fridgeirsson 1976) . While the eggs are demersal, the larvae ascend to the surface layers after hatching and drift with the surface currents in a clockwise direction around the island. The traditional nursery ground of capelin larvae is over the shelf, north and northwest of Iceland, north of 65°N (Vilhjalmsson 1994 ; see Fig. 1 ). For Icelandic capelin, inter-annual differences in temperature can be large on the nursery ground but are known to be minimal on the spawning grounds . Theoretical and empirical studies link growth to survival in fish (Houde 1987 , Anderson 1988 , Pepin 1991 . Growth during the larval stage can be critical to survival for later developmental stages and eventual yearclass strength at recruitment to the fishery. Growth and survival of larvae from the Icelandic capelin stock has never been investigated, and the age at which year-class strength is established is unknown (Vilhjalmsson 1994 (Vilhjalmsson , 2002 , while year-class strength of capelin in the Barents Sea and Newfoundland stocks is established during the first few months of life, prior to the first over-wintering period (Leggett et al. 1984 , Gundersen & Gjøsaeter 1998 , Carscadden et al. 2000 , Dalley et al. 2002 . This is a preliminary study of when year-class strength of the Icelandic capelin stock is established. We measured growth of 2 year-classes of capelin larvae from hatch until August, and the effects of ambient temperature on average year-class growth were explored. Larvae abundance was estimated by combining information from trawl sampling and acoustic data. For collection of acoustic data, a Simrad EK500 38 kHz transducer was used (Begg & Marteinsdottir 2000) . Acoustic echograms were used to identity changes in densities of larvae, and catch per unit effort was calculated by measuring the distance towed in the scattering layer and the number of larvae caught in the trawl (Vilhjalmsson & Fridgeirsson 1976 ). Samples were collected with a Harstad pelagic trawl (18 by 18 m opening; 0.5 by 0.5 cm cod-end mesh) usually towed at a depth of 20 to 50 m. Sampling was not conducted at fixed locations but occurred approximately every 40 km or when the echogram indicated changes in the abundance of acoustic targets (Vilhjalmsson & Fridgeirsson 1976 , Begg & Marteinsdottir 2000 . The survey followed a fixed route. However, in 2002, parts of some transects were not surveyed due to time constraints. When capelin larvae were present at a station, a sample of 50 larvae was frozen in a small plastic cup (approximately 150 ml) filled with seawater. (Anonymous 2006) . The estimated absolute year-class size 0 at maturity, adding together fish maturing at 3 and 4 yr of age, was 61.7 billion fish for the 2001 year-class and 88.5 billion fish for the 2002 year-class (Anonymous 2006) .
MATERIALS AND METHODS

Data
In the laboratory, frozen samples were thawed and standard length (SL) of the larvae measured to the nearest 0.1 mm with an Optimas ® image analysis system connected to a dissecting microscope. Next, wet weight of individual larvae was measured to the nearest 0.01 g using an electronic analytical scale. In total, 4189 capelin larvae were measured from the 2001 year-class and 2387 larvae from the 2002 year-class. SL of larvae ranged from 19.6 to 64.0 mm in 2001 and from 11.8 to 62.5 mm in 2002 (Fig. 2a) . All capelin in this study were considered larvae, as capelin have an extended larval stage with completion of metamorphosis at SL of 75 to 80 mm (Bailey et al. 1977b , Doyle et al. 2002 . As no larvae in the size range 5.0 to 11.8 mm were caught, it was impossible to estimate growth of newly hatched larvae. Daily otolith growth histories were reconstructed from larval otolith microstructure, as increment formation in capelin larvae shows daily periodicity (Gjøsaeter & Monstad 1985 , Ivarjord et al. 2008 . The sagittal otoliths were extracted from a random selection of 5 larvae per station. Stratified random sampling, where the size range of a sample was split into 5 equal SL intervals and 1 individual randomly picked from each interval, was used for selecting individuals. Extracted otoliths were mounted individually with a small drop of Crystal Bond ® thermoplastic glue on microscope slides and sanded with 3.0 and 0.3 µm lapping film. For otolith measurements, an Olympus BH-2 compound microscope, with 500 × magnification, connected to an Optimas ® image analysis system was used. Otoliths were extracted from 256 individuals in 2001 and from 216 in 2002. Only 1 otolith was measured for each individual and the otolith with the clearest increments was used regardless of left or right. The number of increments was counted and the width of each increment was measured along the longest axis of the otolith. Otolith width, length, area and maximum radius were also measured.
Increment formation in capelin larvae is delayed as the first check is formed several days after hatching (Ivarjord et al. 2008 ). To our knowledge, the influence of temperature on larval age at first check formation has never been investigated in capelin. Due to limited knowledge, we assumed first check formation to be independent of temperature and to occur at the same age in all larvae. To emphasise that our age estimates are relative and not absolute, we use the phrase 'number of increments' instead of 'larval age'.
Thirty-one percent of the otoliths were measured again and there was no statistical difference in increment count between these repeated measurements (Paired t-test; t 2,146 = -0.37, p = 0.713). The precision of repeated measurements was independent of age as the confidence interval (CI) for the regression of repeated measurements included 1 (0.98 CI: ± 0.05 increment). Throughout the analyses, results from the first otolith measurement were used.
Statistical analysis. The average SL and average wet weight of all measured larvae (n = 6576) was compared between year-classes using a t-test. The relationship between SL and wet weight of all measured larvae (n = 6576) was investigated using linear regression on logtransformed data. Hatch dates of aged larvae (n = 472) were estimated by subtracting the number of increments from the capture date. The average hatch dates were compared between years using a t-test. The cumulative frequency distribution of hatch dates were also compared between years using a KolmogorovSmirnov goodness of fit test for continuous data (Zar 1999) . Linear regressions (Zar 1999) were used to investigate if the relationship between otolith size and larval size changed with ontogeny. Otolith width, length, maximum radius and area were regressed on length of larvae using a pooled sample (n = 472).
Growth was investigated using 2 different methods: somatic growth (mm d ). For comparison with other growth studies, somatic growth of larvae (SL range: 16.4 to 64.0 mm), was inferred from otoliths using 'size-at-x number of increments' of larvae and assuming daily increment formation from hatch. Otolith growth was analysed by analysis of covariance (ANCOVA) with year-class and number of increments, as explanatory variables. Partial correlation analysis of daily otolith growth, relative to age for both year-classes, showed high correlation in otolith growth over a range of 10 d. Therefore, when comparing mean otolith growth trajectories, the age range, 0 to 110 d, was split into 11 segments, each consisting of 10 d. Seasonal effects on individual growth trajectories were investigated by splitting each year-class into 10 d cohorts, based on hatch date, and calculating the average daily otolith growth for each cohort. Larvae that hatched on or before April 10 (Day 100) were merged into 1 cohort due to the low number of individuals. Larvae that hatched on or after June 20 (Day 171) were also merged into 1 cohort due to low numbers. Number of larvae in a cohort ranged from 10 to 48 individuals.
Two different growth models were fitted to average daily otolith growth. A logistic growth model (Brett 1979 ) was fitted to the data:
where W is the average daily otolith growth (µm d ), N is age (d), and C and G are parameters whose values were estimated. Secondly, a non-linear model with 3 parameters was fit to the data:
where W is the average daily otolith growth (µm d -1 ), N is age (d), and A, B and D are parameters whose values were estimated. A model with 4 parameters was tested, but as the confidence limits for the fourth parameter included zero, it was rejected.
All models, except the logistic and non-linear growth models, were based on a general linear model with normal error structure. Tolerance for Type I error was α = 0.05. If there was a significant difference in variance between year-classes, a non-parametric test was executed. Statistical analyses were done using SAS (SAS Institute 2001).
Sea surface temperature. Surface temperatures were assumed to be an appropriate proxy for temperatures experienced by larval capelin in the upper mixed layer. The upper mixed layer consists of the warm surface waters overlying the theromocline as a result of seasonal heating. Sea surface temperature (SST) data were obtained from in situ and satellite-based measurements for the waters surrounding Iceland (61°to 69°N, 11°to 28°W) for the period 1990 to 2002. The data were provided by the National Centre for Environmental Prediction (http://podaac-www.jpl.nasa.gov/ PRODUCTS/p119.html) for 1 degree grids on a weekly basis. During the 1990s, SST varied by area, with warmer waters south of Iceland and colder waters in the north. On average, August temperatures were 4 to 11°C north and south of Iceland, respectively. We divided the study area into waters north and south of 65°N latitude to calculate decadal monthly means for the period 1990 to 1999, as well as monthly means for our 2 study years, 2001 and 2002. Seasonal ambient temperatures, which affect larval growth, were estimated as the summed integral for the period May to August each year. Temperature effects on year-class growth were investigated by calculating average daily otolith growth of year-class for each calendar day and comparing with seasonal changes in temperature. Effects of ontogeny were removed by excluding the first 40 increments in each otolith from average calculations.
RESULTS
The average length of all measured larvae was 36.1 mm for both year-classes, but the average wet weight of larvae was significantly greater in 2001 (0.26 g) than in 2002 (0.24 g) (F [1, 6574] = 13.35, p < 0.001) (Fig. 2b) . The linear relationship of log-transformed length and weight was described by the equations: log weight = 3.4 log length -5.9, R 2 = 0.95 for the 2001 year-class, and log weight = 3.7 log length -6.5, R 2 = 0.93 for the 2002 year-class. The length-weight relationships were significantly different between yearclasses as the interaction between year-class and weight was significant (F [1, 6572] (Vilhjalmsson 1994) .
The relationship between otolith size and larval length was significantly linear with no change in slope between small and large larvae (Fig. 4) for all 4 otolith variables measured. The relationship between otolith growth and somatic growth was proportional for capelin larvae in the size range 11.8 to 64.0 mm.
Growth
Daily somatic growth was significantly greater (F [1, 468] Increments were counted in 472 larvae but otolith measurements were missing on a few occasions causing the lower degree of freedom. All regressions are significant at p < 0.0001 model was extended to the y-intercept (standard length of larvae at hatching), the estimated hatch size was 2.7 mm in 2001 and 10.7 mm in 2002, both of which are outside the published range of hatch size for Icelandic capelin larvae, 5.0 to 7.2 mm (Fridgeirsson 1976) . One interpretation of this result is that the growth rate of capelin larvae is not linear from hatch to 16.4 mm, the smallest larvae in the otolith study. Annual average daily otolith growth increased with age of larvae, from (Table 1) . For the last 10 d of the age range studied there was no significant difference in otolith growth rates between years. Both year-classes followed a similar otolith growth trajectory as the interaction between year-class and otolith growth was not significant (p > 0.05).
Seasonal effects on daily growth of larvae were most pronounced at the asymptotic level (Fig. 6) . Most cohorts followed similar growth trajectories, with an initial latent period, followed by an intermediate phase where growth accelerated, but all cohorts showed differences when growth reached an asymptote. The only exceptions from the common growth trajectory were larvae hatching after calendar day 160 in 2001 as their growth trajectory lacked the acceleration phase seen in all other larval cohorts.
Results for the 2 year-classes and growth models (Eqs. 1 & 2) are shown in Fig. 7 , and parameters are listed in Table 2 ). The logistic model explains 99.8% of the variance for both years but did not model well the daily otolith growth at hatching and during the initial latency period. The non-linear model with 3 parameters had a better fit to the average daily otolith growth and captured the daily growth during the initial latency period (Fig. 7 , Table 2 ).
SST
Seasonal SSTs during the 1990s were lowest in March and April at 1.9°C, with waters warming rapidly from May, and reaching a maximum of 6.3°C in August (Fig. 8) . In 2001, water temperatures were warmer than the 1990s throughout the year, with the exception of the month of June. In 2002, water temperatures were above and below the 1990s monthly average until July, after which temperatures remained above the long-term mean but lower than temperatures in 2001. The integral of temperatures for the May to Average daily otolith growth during the asymptotic phase (first 40 increments in each otolith were eliminated from calculations) for calendar day fluctuated from 1.7 to 2.2 µm (Fig. 9) . The 2 year-classes shared a similar growth pattern with a phase of increasing growth in June into early July, followed by decreasing growth until early August when growth increased again. Growth in April to May was different between years as it decreased in 2001 but increased in 2002. Average monthly SST increased gradually from April to August, when is started to decline.
DISCUSSION
Growth rates
Somatic growth rates of capelin larvae measured in this study were similar to those of capelin larvae on the Grand Banks of Newfoundland at 0.35 mm d -1 (Frank & Carscadden 1989) , in the Gulf of St. Lawrence at 0.2 to 0.35 mm d -1 (Jacquaz et al. 1977 ) and in Barents Sea at 0.33 mm d -1 (Jakobsen et al. 2004 ). The growth rate of Icelandic capelin larvae ranges from 0.06 to 0.38 mm d ). Biological conditions for larvae were better in 2001 based on weight-length comparisons. The higher growth rates and condition of larvae in 2001 implies that environmental conditions for feeding and growth were better in that year. Studies of growth of capelin larvae have shown that abundance of food has a significant influence on growth, with larvae growing faster when food is more abundant (Moksness 1982 , Frank & Leggett 1982 , 1986 .
Growth model
The growth trajectories for daily otolith growth of capelin larvae had 3 distinct phases. This pattern in growth rates was remarkably constant for most 10 d cohorts measured each year. The exceptions were the 2 youngest cohorts measured in 2001, larvae that would have hatched late in the season. A similar pattern was observed in growth of larval capelin from the Barents Sea reared in enclosures (Fig. 2 in Ivarjord et al. 2008) . The consistency of the growth pattern suggests internal controls on growth are a function of their development and relatively independent of the environment.
Initially larval growth rates did not increase but remained relatively constant. This period lasted approximately 15 d as measured by number of otolith increments deposited from first check formation. On average, capelin do not deposit daily increments for 12 d after hatch (Ivarjord et al. 2008) . Therefore, the initial period of latency in growth rates approximated a period of 27 d. Yolk sac absorption following hatching occurs in 8 to 10 d (Fridgeirsson 1976 ) leaving a period of the order of 18 d during which we hypothesise that larvae were learning how to feed. The second growth phase was one of increasing growth rates that lasted approximately 20 d before they began to decelerate, approaching the maxima that were maintained over the remaining period sampled, on the order of 75 d. Larvae were 22 to 24 mm in length when growth rates began to decelerate, which is approximately when metamorphosis begins with the onset of ossification (Doyle et al. 2002) . Behavioural and physiological processes associated with development and ossification may coincide with the stabilisation of growth rates that we observed. Ossification in capelin is prolonged, not being complete until larvae are 60 mm in length (Doyle et al. 2002) . This length equates to the oldest larvae measured in this study, 120 to 160 increments old. Absolute age of larvae in this study was unknown as capelin larvae are known to delay first check formation (Ivarjord et al. 2008 ) but the variables controlling the delay process remain to be discovered. Research into first check formation in herring larvae (Folkvord et al. 2004 ) and cod larvae (Otterlei et al. 2002) indicate a strong influence of temperature, with increment formation starting at a later age in larvae experiencing lower temperatures. To our knowledge, no temperature validation study has been conducted for capelin larvae. The only information available for capelin larvae is an average delay of first check formation of 12 d for 389 larvae, with no range given (Ivarjord et al. 2008) . Capelin age at first check formation is likely to be influenced by ambient temperature and, consequently, variable between individual larvae. As stated in 'Materials and methods', we assume first check formation to be independent of temperature and to occur at the same age in all larvae. This assumption is likely to be proven wrong by future research on temperature-dependent otolith growth of capelin larvae. If our assumption is wrong, bias was introduced into hatch 
Logistic growth
W = W ∞ {1 + C [exp(-G N)]} -1 W ∞ µm 2.1 2.0 C µm 0.9 0.8 G µm d -1 0.1 0.1
Non-linear growth
W = A + {[B (N D )] (10 000 + N D ) -1 } A - 1.3 1.3 B - 0.8 0.7 D - 3.0 3.0
Growth and survival
Capelin survival, standardised for spawning stock biomass, was approximately 3 times higher during the first 4 mo of life in 2001, when growth rates were higher. This is consistent with theoretical predictions (Werner & Gilliam 1984 , Anderson 1988 ) and empirical studies of fish larvae. Survival of Atlantic cod Gadus morhua larvae was higher for faster growing larvae (Campana 1996 , Meekan & Fortier 1996 . Fortier & Quinonez-Velazquez (1998) reported higher survival in faster growing pollock Pollachius virens larvae but not for haddock Melanogrammus aeglefinus. Atlantic mackerel Scomber scombrus larvae had higher survival in years of faster growth (Robert et al. 2007 ). There was no direct effect of capelin spawning stock size on larval abundance. The size of the spawning population was similar each year and, in fact, was 6% higher in 2002. Mean hatch dates were not different between years, demonstrating that there was no seasonal difference in the larval growth periods. The higher growth and survival of capelin larvae in 2001 appeared to be a direct function of better environmental conditions for growth. Temperatures were warmer earlier in the season in 2001 than 2002 and were above the historical mean.
Higher growth rates equate to higher survival, a result of greater size-at-age within the larval stage and faster development through the larval stage (Houde 1987 , Anderson 1988 . We have no direct knowledge of potential differences in the larval prey in 2001 and 2002 with respect to timing and the magnitude of annual production or the species composition. Higher growth linked with higher temperature demonstrates that food (ratio) is not limiting (Brett 1979) . Therefore, higher growth rates in 2001 when temperatures were higher imply that there was sufficient food available. Higher temperatures, and salinity, are related to an increased inflow of Atlantic water (Vilhjalmsson 2002) . Previously, years with an increased flow of Atlantic water has been related to higher phytoplankton production (Gudmundsson 1998) , higher zooplankton biomass (Astthorsson & Gislason 1998) and greater weight of adult capelin (Vilhjalmsson 1994) .
Seasonal pattern-environment interaction
Daily otolith growth in the asymptotic phase followed a similar seasonal pattern in both years, with the 2001 year-class having greater growth. There was no simple linear relationship between temperature and average growth as temperature increased continually from April to a peak in August, but growth fluctuated with a peak in the beginning of July prior to a sharp decline lasting to middle of August when growth increased again. Declining growth during a period of increasing temperature indicated the influence of additional environmental factors. The 2 year-classes had opposite otolith growth patterns in spring (April to May) with a sharp increase in 2002 but decline in 2001 with a moderate increase in temperature. This further supports the idea of otolith growth being influenced by more environmental factors than temperature alone. Decreasing growth during periods of increasing temperature implies limiting food availability (Brett 1979). With no data at all on food availability for capelin larvae in these 2 years, any discussion on the compounding effects of temperature and food availability on growth will remain mere speculation and outside the scope of this paper.
Recruitment
The relative abundances of the 2001 and 2002 yearclasses were not linked to recruitment to the spawning population at age 3, when the 2002 year-class was 1.4 times more abundant (Anonymous 2006) . For Icelandic capelin, it has been hypothesised that year-class strength is not established until the second year of life, following the first over-wintering period (Vilhjalmsson 1994 (Vilhjalmsson , 2002 . In contrast, year-class strength of recruiting capelin in the Barents Sea and Newfoundland stocks is established during the first few months of life, prior to the first over-wintering period (Leggett et al. 1984 , Gundersen & Gjøsaeter 1998 , Carscadden et al. 2000 , Dalley et al. 2002 . It is not possible to draw broad conclusions about recruitment processes in the Icelandic capelin population based on the 2 years of observations in this study. It appears that Icelandic capelin differ from these other populations due to critical conditions that occur during their first winter. 
